In the present work, the applicability of the Q projection to the life prediction for 1.25Cr-0.5Mo and 2.25Cr-1Mo steel has been examined. The linear relationship between strain rate and strain at the tertiary creep stage is observable and its slope, which is equivalent to Q 4 in the Q projection technique, can be uniquely correlated with rupture life independently of chemical compositions, creep strength and testing conditions. Therefore, it can be considered that strain rate monitoring for the remnant life prediction is very effective to improve the accuracy of the life assessment, especially for parent material of a low alloy ferritic steel in which creep cavitation is rather unlikely.
Introduction
Nowadays it is commonly considered that the creep life of high temperature components well exceed their nominal life of 100 000 h. However, it is not an easy task to assess the remnant life of an old component operated under the creep regime using Non Destructive Testing (NDT). Although a couple of methodologies have been developed, each technique has got its own advantage and disadvantage. In performing the remnant life prediction of the existing component in which essential information such as current creep properties, operating history and precise component's size at the fabrication is not necessarily available, monitoring the strain rate could derive a more reliable answer. In fact, it was found that the slope of a straight line appearing in the strain-strain rate plotting at the tertiary creep regime, which was equivalent to Q 4 in the Q projection technique, 1) could be uniquely correlated with the creep lives of ten different heats, which were composed of 1.25Cr-0.5Mo steel and 2.25Cr-1Mo steel. Despite significant variations in creep properties among the casts tested, the rupture life was predicted with the accuracy of a factor of two.
Although there are a couple of hurdles to be overcome, the strain rate monitoring can be a promising NDT technique in assessing the remaining life, especially for parent materials fabricated from low alloy ferritic steels which scarcely show apparent symptoms of creep damage like grain boundary cavitation.
Experimental Details

Materials
The materials examined were 1.25Cr-0.5Mo and 2.25Cr-1Mo steel, which were most commonly employed materials in power generating and refining plants. In the present work, the creep behavior of homogeneous microstructures, namely parent material and weld metal, have been examined using virgin and service-exposed materials. Virgin materials of 1.25Cr-0.5Mo and 2.25Cr-1Mo steel, two types of casts which were purchased in market (commercial casts) and specially prepared ones doped with a significant amount of tramp elements (high residual casts) were tested. As for the Service-exposed casts, which were fabricated from 1.25Cr-0.5Mo steel, had been operated as a piping component in a refining plant at approximately 500°C for 28 years. For the comparison, the previous work by Fujibayashi et al. 2) on the ex-used piping materials, which were made of 1.25Cr-0.5Mo steel operated for 23 years at 500°C and around, was also reviewed. They were fabricated in the same year and had been operated in the same unit as those in the current work. In addition to the pipe and weld metal, the forged flange produced through water quenching and subsequent tempering was examined in that work.
Except forging and weld metal, all the parent materials of 1.25Cr-0.5Mo steel and 2.25Cr-1Mo steel discussed in this paper were given Normalized and Tempered (N& T) heat treatment at the fabrication. Though the detailed conditions of N& T and forging for old materials are not known, those for new ones and the Post Weld Heat Treatment (PWHT) condition for ex-used 1.25Cr-0.5Mo weld metal are shown together with chemical compositions and hardness in Table  1 . Hardness of weld metal, which decreased towards the weld root direction due to the tempering effect associated with subsequent heat input, was measured in the middle of the wall thickness.
Creep Tests
Creep tests were conducted in air with a constant load technique. A standardized cylindrical specimen with diameter of 10 mm was used except for the service-exposed weld metal (WM2) to which a cylindrical specimen with 6 mm diameter applied due to the limitation on the size of weld metal.
Time-strain data was measured till shortly before the ultimate failure.
Results
Creep Rupture Properties
Testing conditions, creep rupture properties, parameters for the Q projection technique and the omega methods, which are described below, are tabulated in Table 2 . Time to rupture of 1.25Cr-0.5Mo and 2.25Cr-1Mo steel is plotted using Larson-Miller Parameter (Cϭ20) as shown in Figs. 1 and 2 , respectively. For the reference, the mean creep strength and lower boundaries for both materials that are derived by NIMS data sheets, NRIM 21B
3) for the former material and NRIM 11B 4) for the latter one, are also shown. All the specimens failed in a ductile transgranullar manner.
As shown in Fig. 1 , large cast to cast variation in creep strength for 1.25Cr-0.5Mo steel is observed. Both new materials (BM1 and BM2) show the similar creep strength that is close to the lower boundary of virgin materials. Low creep strength of these casts should be mainly ascribed to high tempering temperature of 730°C. In the case of virgin materials in the relevant NIMS data sheet, the tempering temperature ranges from 630 to 700°C. The minimum and maximum Hv is 156 and 214 respectively. Service-exposed materials are not necessarily weaker in comparison with virgin materials. The service-exposed forging (BM6) with Hv 145 before the creep test, which is lower than the minimum value in NRIM 21B, reveals better creep strength than the mean values for virgin materials at the stresses of 80 MPa and lower, which are likely values for the components operated in actual plants. Among the ex-used materials, 23 years operated N& T plate (BM5) was the least creep resistant. The order of creep strength observed in Fig. 1 suggests that the creep properties prior to service is more dominant than duration of high temperature exposure at approximately 500°C.
In contrast to 1.25Cr-0.5Mo steel, the clear difference in creep strength between a commercial cast (BM7) and a high residual cast (BM8) is observable in 2.25Cr-1Mo steel as shown in Fig. 2 . The temperature of the final tempering for the comparative new materials in NRIM 11B ranges from 700 to 720°C and resultant Hv dose from 150 to 214. Since the heat treatment condition for both of a commercial and high residual cast at the fabrication was identical, difference in creep strength should be attributable to chemical compositions, which are higher tramp elements (P, Sn, As and Sb). It has been acknowledged that these tramp elements can largely harm the creep properties at the Heat Affected Zone (HAZ), resulting in the higher susceptibility to grain boundary damage, namely reheat cracking at the Coarse Grained HAZ (CGZ) 5) or Type IV cracking at the Intercritical HAZ (ICZ) 6) and Fine Grained HAZ. 7) As a matter of fact, higher susceptibility to creep cavitation both at CGZ and ICZ produced in the HAZ on the high residual side was observed in the experimental work on the crossweld creep behavior using these 2.25Cr-1Mo steel casts. 8) In the present work on parent material and weld metal, however, the symptom of grain boundary embrittlement resulting in creep cavitation has not been found in both high residual casts of 1.25Cr-0.5Mo and 2.25Cr-1Mo steel. Therefore, it can be interpreted that higher creep strength of commercial 2.25Cr-1Mo steel (BM7) compared with doped one (BM8) is caused by interaction between carbides and impurities. Since it is rather complex phenomenon, contradictory results have been found in previous works. Stevens et al. 9) found that addition of P to 2.25Cr-1Mo steel reduced the density of M 2 C, which was the main contributor to creep strength, due to the enhanced formation of M 6 C. Dicken et al. 10) examined the effects of impurities (P, Sn, As and Sb) on creep properties of 2.25Cr-1Mo steel.
Although a single addition of Sn to high purity material increased creep life, the significant decrease in creep life was observed by the combined addition of P and Sn. And the ratio of reduction in rupture life was more pronounced compared with a single addition of P, suggesting the synergetic influence of tramp elements.
However, it should be emphasized that clear negative impact upon creep strength caused by higher amount of tramp elements was not observed in 1.25Cr-0.5Mo steel as discussed above. Different reaction to impurities between these two common alloys should be subjected to the further research.
Creep Straining Behavior
In the present work, the applicability of the Q projection technique developed by Evans et al. 1) not only for creep curve description but also for life prediction has been mainly examined. In the Q projection technique, creep strain at the time of t is described by the following equation.
where e p is the primary strain, e t is the tertiary strain, Q 1 , Q 2 , Q 3 and Q 4 are the stress-temperature dependent parameters.
In Fig. 3 , raw data and a creep curve described by the Q projection is compared. It is observed that creep behavior can be described well by the Q projection from the primary to tertiary stage. Each constant can be correlated with stresses and temperatures by the following equation. Therefore, it is considered that creep behavior at the conditions within the testing matrix in terms of stress and temperature can be evaluated by interpolating constants using Eq. (2). And time to rupture t r can be derived by inserting rupture strain e r into Eq. (1) . Although elongation at the failure in the present work ranged from 9.9 to 99 %, predicted life was not sensitive to the value of e r due to the exponential feature of creep curves. In Fig. 5 , the predicted life using the stress-temperature compensated Q 1 -Q 4 is compared with the actual life. In this case, the rupture strain e r for all the specimen is assumed to be 10 % (e r ϭ0.095 in true strain ). Under the assumption described above, rupture life in the present work can be predicted with the reasonable preciseness except short term creep data as shown in Fig. 5 . However, it should be kept in mind that the creep strain in actual components must be significantly lower than that in accelerated experimental conditions. In fact, the membrane creep strain is limited to 1 % in ASME Sec. III. In Fig. 6 , the correlation between rupture life and the life fraction of time to 1 % strain in the present work is shown. Although relatively large scatter is observed, the fraction of time to 1 % strain in total rupture life increases with the rupture life. It can be the case that significant ratio of life for the operating component is consumed when creep strain reaches 1 %. Therefore, the practical importance for actual components is the precise prediction of small strain. In Fig. 7 , the comparison of predicted time to 0.5% strain by the Q projection technique using the stresstemperature compensated parameters with that measured is shown. Besides two data out of fifty, most of predictions lie in a factor of two scatter band proving the usefulness of this technique in predicting the small strain expected in actual components.
It is noteworthy that the life prediction using the Q projection technique can be performed in another way. Kushima et al. 11) found good relationship between Q 4 and time to rupture using the modified Q projection technique proposed by Maruyama and co-workers. 12) In the modified Q projection technique, it is postulated that the value of Q 2 in Eq. (1) becomes the same as that of Q 4 . However, in the present work applying the original Q projection technique, values of Q 2 have not been the same and tend to be higher than Q 4 .
As Kushima and co-workers revealed, the excellent correlation between Q 4 and rupture life in the present work also is observable as shown in Fig. 8 . Time to rupture, t r , is given by the following equation, which is similar to Monkman-Grant correlation, namely, rupture life is almost inversely proportional to Q 4 . life assessment. As shown in Fig. 4 , Q 4 can be predicted with the satisfactory accuracy by interpolation. As a matter of fact, the accuracy of factor of two in estimating the rupture life was achieved using stress-temperature compensated Q 4 derived by Eqs. (2) and (3) in rupture life prediction for all the data in Table 2 . Furthermore, predicted rupture lives at lower temperatures, which are derived by extrapolated Q 4 and Eq. (3), are consistent with experimental results as shown in Fig. 9 , though predicted values by extrapolated Q 4 are slightly larger than those by the conventional iso-stress technique.
Discussion
The Possibility of the Quantitative Life Prediction
Based on the Strain Rate Measurement For the users of high temperature plants, how much longer they can operate their components safely is their crucial concern. Most commonly applied to this purpose is screening using the time-temperature parameter like Larson-Miller parameter. Although it is very easy to derive the answer, preciseness of the assessment cannot be expected. In Fig. 10 , the comparison of predicted rupture life based upon the mean creep strength derived by LarsonMiller parameter with that of raw data of the present work and NIMS data sheet. It is observable that the life prediction with the accuracy of a factor of three will be difficult even for virgin materials.
For the sake of improved accuracy of the life assessment, it can be considered that hardness measurement, which is one of the easiest NDT techniques, would be effective. Townsend et al. 13) correlated the hardness prior to creep test with creep strength using new and service-exposed 1.25Cr-0.5Mo and 2.25Cr-1Mo steel. They found that thermal softening behavior, which was cast specific, had to be known to improve the accuracy of prediction to the level of a factor of two. The similar conclusion on the hardness approach should be derived from the testing results in the present work. As previously discussed, the hardness of the service-exposed forging (BM6), which showed higher creep resistance than the mean creep strength for virgin materials in NRIM 21B, was lower than the minimum hardness value of that data base. Therefore, the precise life prediction with the hardness approach would be difficult without removing the sample from an operating component to obtain the softening data.
In this paper, the authors would like to propose another methodology to predict the creep life, which is based on strain rate measurement. In addition to the capability of life prediction using the Q projection technique by interpolating or extrapolating destructive testing results, the possible applicability as a NDT technique has been also found as discussed below. From Eq. (1), strain rate de/dt at any stage of creep is given by the following equation.
...(4)
The first and second term of Eq. (4) is the strain rate for the primary and tertiary stage respectively. In Fig. 11 , the variation of strain rate experimentally obtained and that derived by the Q projection technique together with the primary and tertiary components are plotted as a function of life consumption. Except the final stage of creep, where occurrence of the localized necking and resultant acceleration of strain rate is likely, predicted strain rate by Eq. (4) is consistent with experimental results. Strain rate can be correlated with strain using Eq. (5) as described below. At the tertiary creep stage, the first term of Eq. (5) is negligible as shown in Fig. 11 .
Therefore, Q 4 should be obtained by measuring the slope of a straight line in a plot of strain rate versus strain, which shall be termed SSRVS (Slope of the straight line in the Strain Rate Versus Strain plotting at the tertiary stage) hereinafter. As shown in Fig. 12 , linear relationship between strain rate and strain is observable at the period from t/t r ϭ0.6 to t/t r ϭ0.8. In this case, 3.85ϫ10
Ϫ3 of SSRVS, which is quite close to Q 4 of 4.54ϫ10 Ϫ3 , was obtained. In  Fig. 13 , the comparison of SSRVS measured from t/t r ϭ0.6 to 0.8 with individually derived Q 4 is shown. Despite large difference in values of Q 4 , resultant from variation of creep properties and testing conditions, SSRVS is almost identical to Q 4 . Thus, the rupture life can be also predicted by measuring SSRVS as shown in Fig. 14 . The predicted life was derived using Eq. (3) based on the assumption that SSRVS between t/t r ϭ0.6 and t/t r ϭ0.8 became the same as Q 4 . SSRVS tended to be smaller than Q 4 at the period between t/t r ϭ0.4 and t/t r ϭ0.6. And higher values were ob- tained when t/t r exceeded 0.8. Prager 14) has recently developed the comparable concept to the Q projection, which is termed the omega method. And this methodology will be introduced to assess "the fitness for service" for the refining equipment in API RP 579. In the case of the omega method, creep behavior is described by the following equation. (6) where W is the slope of the strain-natural logarithm of strain rate plotting and e˙0 is the initial strain rate given by the intersection of y-axis in the above plot.
The Comparison with the Omega Method
This methodology using two less variables compared with the Q projection technique will be more user-friendly especially for the inelastic creep analysis using Finite Element Method (FEM) technique. Strain-strain rate correlation at the period between t/t r ϭ0.6 to t/t r ϭ0.8 (BM3: tested at 650°C and 40 MPa). Time to rupture, t r , in the omega method is given by Eq. In this case, two parameters are required to assess the creep life. Generally speaking, the values of W increase with rupture life and those of the initial strain rate show the opposite tendency. However, the relationship between these parameters, which is applicable to quantitative life assessment, has not been derived in the current work as shown in Fig. 15. In Fig. 16 , e-ln(de/dt) correlation for the specimens failed at approximately 200 h is shown. In spite of similar rupture life, significant difference in e˙0 and W between the two is observable. Therefore, Q projection will be more convenient technique in predicting the remnant life based upon the strain rate measurement for an existing component in which the initial strain rate is not available.
It should be noted, however, that the same level of accuracy as that of the Q projection technique in life prediction can be achieved using the stress-temperature compensated e˙0 and W, which are given by the following equations. where A, ns, AЈ and n are the cast specific constants that are independent of stress and temperature, Q and QЈ are activation energy, R is the universal gas constant and T is the temperature in Kelvin.
Future Work
Although the optimistic interpretation of the usefulness of the Q projection has been addressed, it must be pointed out that a couple of problems should be solved in order to perform the life assessment using this technique. Firstly, the applicability of the Q projection under the multiaxial stress state, where the actual components are subjected to, should be validated experimentally. In addition, the measurement of strain rate and its interpretation would be rather difficult since the expected values of the actual component were extremely low and influenced by external factors such as temperature fluctuation, especially when measured in situ.
Summary
The following findings have been made in the experimental works on creep behavior of new and service-exposed 1.25Cr-0.5Mo and new 2.25Cr-1Mo steel.
(1) Creep life and time to 0.5 % strain were accurately predicted using the stress-temperature compensated parameters for the Q projection technique, validating the interpolating capability of this methodology.
(2) Creep life was uniquely correlated with Q 4 , which was the parameter determining the tertiary creep behavior. Time to rupture was predicted by the following equation with the accuracy of a factor of two independently of chemical compositions, creep strength and testing conditions. t r ϭ4.034Q 4 Ϫ1.020 (3) Rupture life was also predictable by measuring the slope of a straight line in strain rate versus strain plotting at the tertiary creep stage, which was the equivalent to Q 4 , suggesting the availability for the NDT technique. 
